Low-frequency ultrasound has been investigated as an adjuvant to antimicrobial therapy, targeted at both planktonic and biofilm (sessile) organisms. Our previous work showed that ultrasound (US) effectively enhances the bactericidal activity of certain antibiotics against planktonic cultures (Pitt et al., 1994; Rediske et al., 1999) and in vitro biofilms (Johnson et al., 1998; Qian et al., 1999) and in vivo biofilms (Carmen et al., 2004b (Carmen et al., , 2005 Rediske et al., 2000) of gram-positive and gram-negative bacteria. Ultrasound was shown to increase the transport of antibiotics through biofilms (Carmen et al., 2004a) which could account for some (or all) of the enhanced antibiotic activity against insonated biofilms; but such a mechanism could not account for US-enhanced antibiotic activity in planktonic cultures which have no extensive exopolymer matrix to retard antibiotic transport.
Because this ultrasonic enhancement of antibiotic activity operates on both planktonic and sessile bacteria, we posit that US does more than simply increase the transport of antibiotic to the cells; ultrasound is postulated to increase uptake of antibiotic into the cells by rendering the cell membrane more permeable to the antibiotic. To examine this postulate, we must first review how ultrasound interacts with cells.
Bacterial cells are fairly transparent to ultrasound; that is, ultrasonic waves go right through cells with little absorption, scattering or other interaction. However, the pressure oscillations of ultrasound produce size oscillations in any gas bubbles in the liquid (Brennen, 1995) . These bubbles range in size from approximately 1 mm to 100 mm in diameter (Brennen, 1995) . The oscillations of bubbles, called cavitation, are generally divided into "stable" and "collapse" types of cavitation. Stable cavitation is the low intensity oscillation of the bubbles without complete collapse of the bubble, while collapse cavitation occurs at higher intensity levels and lower frequencies wherein these bubbles collapse and violently accelerate the fluid around them. During bubble collapse, adiabatic heating of the gas produces very high temperature, produces free radicals, generates very high liquid shear force, and generates a shock wave as the collapsing spherical wall slams into itself (Brennen, 1995) . With a sufficient number of collapse cavitation events, cell membranes Low-frequency ultrasound increases outer membrane permeability of Pseudomonas aeruginosa can be stressed by high fluid shear rates, or damaged by the heat or free radicals (Piyasena et al., 2003; Riesz and Kondo, 1992) . Furthermore, cavitation adjacent to a solid surface (such as a bacterium) generates stress on the cell membrane during bubble expansion; and then during contraction an asymmetric collapse propels a high velocity jet of liquid toward the surface (Brennen, 1995; Gracewski et al., 2005) . There is an intensity threshold for the production of collapse cavitation, and below this threshold collapse cavitation is absent, but stable cavitation occurs readily. At these lower intensities the fluid shear forces due to stable cavitation are not as severe as those caused by collapse cavitation; but they can be sufficient to disrupt red cell membranes (Rooney, 1970) . They may also be sufficiently stressful to perturb the outer membrane of gram-negative bacteria.
Shear forces from cavitation have been implicated in increasing the permeability of the plasma membrane of eukaryotic cells. For example, ultrasound has been shown to enhance potassium flux in rat thymocytes (Chapman et al., 1979) , fluorescent probe uptake in corneal endothelium (Saito et al., 1999) and various cancer cells (Guzman et al., 2003) , penetration of Ara-C into HL-60 cells (Tachibana et al., 2000) , hemoglobin flux from red cells (Liu et al., 1998) and the transport of various drugs through the stratum corneum of the skin (Mitragotri et al., 1995) . The use of ultrasound to transfect eukaryotes with plasmid DNA (MehierHumbert et al., 2005; Wyber et al., 1997) suggests that this enhanced plasma membrane permeability is transient in that the cell membrane can often seal or heal sufficiently to preserve viability.
It follows that the ultrasonic enhancement of antibiotic killing seen in planktonic bacteria may be effected by an increase in cell membrane permeability due to stable or collapse cavitation, or to other related acoustic phenomena. We previously observed that the passage of a lipophilic probe (stearic acid) into the outer lipid bi-layer was ultrasonically enhanced in Pseudomonas aeruginosa (Rapoport et al., 1997; Rediske et al., 1999) . While this points to an outer membrane perturbation resulting in decreased stability of LPS molecules, it is not clear evidence of increased outer membrane permeabilization since the hydrophobic molecule may have simply diffused more quickly within the lipid membrane. While this and other research indicates that US enhances bacterial permeability to tracer molecules, in this paper we report that ultrasound enhances permeability of the outer membranes of P. aeruginosa to an antibiotic, namely nitrocefin. This enhancement is most likely a contributing mechanism of the ultrasonic-enhanced antibiotic killing of planktonic cells and perhaps of biofilm cells as well. Although nitrocefin is not a commonly used antibiotic, it was used herein as a model b-lactam antibiotic because when hydrolyzed by b-lactamase, the resulting nitrocefoic acid absorbs strongly at 486 nm. Thus uptake of nitrocefin is easily measured in cells expressing b-lactamase.
Sonicor SC-100 sonicating baths (Sonicor Instrument Co., Copiague, NY, USA) were used with constant water temperature maintained at 37°C with a refrigerated circulator (Thermo NESLAB, Portsmouth, NH, USA). Ultrasound was delivered at a constant frequency (70 kHz) at power densities between 500 mW/cm 2 and 4.7 W/cm 2 for up to 215 s. The sonicating baths were calibrated using a hydrophone (Bruel and Kjaer, Naerum, Denmark). Culture vials containing cell suspensions were revolved in the bath by means of a carousel in order to equalize ultrasonic exposure to all samples. No measurable amount of cells was killed or lysed by this short exposure to low intensity ultrasound. Pseudomonas aeruginosa (ATCC #27853) cultures were grown to mid log phase in tryptic soy broth with 0.20 mg/ml ampicillin to induce expression of a genomic b-lactamase (Hancock et al., 1981) . Suspensions were pelleted and resuspended in phosphate buffered saline (Fischer Chemical, pH 6.5) at an optical density near 1.0 (700 nm), then aliquoted in 1-ml volumes to 3-dram borosilicate vials. Four milliliters of nitrocefin (Calbiochem) solution in PBC were added to each cell suspension for a final nitrocefin concentration of 40 mg/ml. These suspensions were immediately placed into the carousel in the calibrated ultrasonicating bath. Every 30 s for 3 min, 800 ml were removed (vials were sampled alternately) to cuvettes in a spectrophotometer for immediate absorption measurements at 486 nm (antibiotic uptake) and 700 nm (cell density). For a positive control, a solution of 10 mM Tris and 10 mM EDTA (pH 8.0) was added to cell suspensions. In a negative control (sham), no ultrasound was applied.
In additional experiments to quantify escape of blactamase from the cells (through the outer membrane), aliquots of 1 ml of cells were sonicated (ϳ4.7 W/cm 2 ) or allowed to sit at room temperature for 3 min, then were pelleted by centrifugation. Recovered supernatants were assayed for b-lactamase activity as described above.
In the above experiments, the spectroscopic OD 486 measurements have contributions from both the absorbance of hydrolyzed nitrocefin and the turbidity due to light scattering of cells. To account for the latter, the optical density was measured at 700 and 486 nm on cell suspensions without nitrocefin or nitrocefoic acid, neither of which absorbs light at 700 nm. A correlation was made between the optical densities at these two wavelengths (R 2 ϭ0.99). In experiments with cells and nitrocefin, the optical density was measured at both 486 and 700 nm, and the contribution to the OD 486 due to turbidity was calculated from the correlation at 700 nm and subtracted from the OD 486 . The difference was then attributed to absorbance by hydrolyzed nitrocefin.
To correlate dry cell weight with optical density, 50 ml of an exponential phase culture of P. aeruginosa were pelleted by centrifugation, washed with 10 ml physiological saline solution and resuspended in 1.0 ml water. The OD 700 and OD 486 were then measured from a dilution of the suspension, which was then baked until all moisture was removed, and finally weighed.
The nitrocefin outer membrane permeability assay was used with P. aeruginosa because its membrane has low permeability to the cephalosporin antibiotic, nitrocefin (Nikaido, 1998) . When nitrocefin enters the periplasmic space, b-lactamase quickly hydrolyzes the substrate to nitrocefoic acid, giving an increase in absorbance at 486 nm, measurable spectrophotometrically. As shown in Fig. 1 , cultures of P. aeruginosa exposed to nitrocefin have a basal rate of hydrolysis in the absence of insonation, indicating a slight permeability inherent in the membrane. The rate of nitrocefin hydrolysis is increased by the addition of ultrasound, in an intensity-dependent manner. Aliquots were removed from cultures at 30-s intervals for absorbance measurements. When these are plotted versus time, the slope of the line is proportional to the rate of hydrolysis of nitrocefin, which reflects the rate of entry of the antibiotic (and possibly the efflux of b-lactamase) through the outer membrane. Cultures receiving the greatest intensity ultrasound (4.6 W/cm 2 ) or permeabilizers Tris/EDTA experienced the most rapid initial hydrolysis rates, which rates decreased at longer times as the reaction became limited by the depletion of the nitrocefin substrate. The data in the linear regions of all experiments (indicated by solid lines in Fig. 1 ) were used to linearly regress the average hydrolysis rates. Ultrasound and Tris/EDTA were not combined, as the amount of EDTA used is sufficient to fully permeabilize Pseudomonas to nitrocefin (Hancock and Wong, 1984) . 2006 Ultrasonic-perturbed membrane permeability 297 Rate is in units of nanomoles nitrocefin hydrolyzed per mg cells (dry weight) per second. ᭜ Hydrolysis rates in cell suspensions. ᭹ Hydrolysis rates in supernatants. ᮀ Hydrolysis rate in cell suspension with Tris/EDTA. Open symbols indicate no ultrasound was applied. The dotted vertical line represents the estimated onset of collapse cavitation. Error bars represent standard deviation where nՆ3. Figure 2 shows the average rate of nitrocefin hydrolysis per cell mass as a function of the ultrasonic power density. These data reveal a fairly linear correlation (Rϭ0.95) between the rate of nitrocefin hydrolysis in cell suspensions and the intensity of ultrasound. Cultures receiving no ultrasound showed a basal rate of hydrolysis of nitrocefin. This may be attributed to two possible phenomena: 1) an intrinsic slow rate of passage of nitrocefin into the periplasmic space or 2) the action of extracellular b-lactamase on the substrate. To distinguish between these possibilities, cell supernatants from cultures exposed to 4.6 W/cm 2 intensity ultrasound or no ultrasound were added to nitrocefin. Using the Michaelis-Menten equation and the published values of K M and K cat for this enzyme (Galleni et al., 1988) , we were able to calculate the amount of extracellular b-lactamase in our system (Table 1) . Assuming that in our positive controls (Tris/EDTA and 4.6 W/cm 2 ultrasound) the substrate concentration [S] equals the extracellular concentration of nitrocefin added, the concentration of b-lactamase present in the periplasmic space of our cells can be calculated as shown in Table 1 . Assuming that the rate-limiting factor in the supernatant is the b-lactamase concentration, and that the rate-limiting factor inside the periplasm is the reaction rate itself, we calculated that the amounts of extracellular b-lactamase from non-sonicated and ultrasonicated cells reached 7.4% and 11.3% of the total enzyme, respectively. This suggests that ultrasound may also enhance or cause the release of large proteins from the periplasmic space. Additionally, the rate of nitrocefin hydrolysis in non-sonicated cultures was 1.7-fold higher than that of supernatants from non-sonicated cells, suggesting that there is some slow intrinsic passage of the antibiotic into cells. Thus, the basal rate of nitrocefin hydrolysis (in the absence of US) is likely due to both low levels of nitrocefin entry into the bacteria and efflux of b-lactamase outside the cells. Previous research has documented that ultrasound enhances the activity of some antibiotics against certain bacteria, particularly aminoglycoside activity against gram negatives (Pitt et al., 1994; Rediske et al., 1998) . Some gram-positive bacteria also appear to be susceptible to this phenomenon in both planktonic (Rediske et al., 1998) and biofilm (Carmen et al., 2004b) cultures. In biofilms, ultrasound has been shown to enhance antibiotic transport through the extracellular matrix, and thus more quickly increase the concentration surrounding the bacteria. But does US also enhance transport into the cells, both planktonic and sessile? Our hitherto unproven hypothesis regarding this observation in gram-negative species is that ultrasound perturbs the cell membrane, rendering it more permeable to antibiotics. Although previous research showed US-enhanced uptake of small hydrophobic molecules and fluorescent dyes, no mechanistic research has been reported involving larger antibiotics. The present work tests the hypothesis that ultrasonic phenomena perturb the cell membrane sufficiently for passage of hydrophilic antibiotic molecules at least as large as nitrocefin (and perhaps other mole- cules as large as b-lactamase).
Nitrocefin is a chromogenic cephalosporin antibiotic, commonly used as a reporter for b-lactamase activity. The nitrocefin outer membrane permeability assay is based on the method of Zimmerman and Rosselet (Zimmerman and Rosselet, 1977) and was developed further by Hancock (Hancock et al., 1981; Hancock and Wong, 1984; Poole and Hancock, 1983) . Although nitrocefin and other b-lactams are not effective against P. aeruginosa because of its b-lactamase, this system does make an ideal model to test the permeability of the outer membrane towards the antibiotic. As the action of b-lactamase on nitrocefin is extremely rapid (Galleni et al., 1988) , the rate-limiting factor in this experiment is the passage of the b-lactam through the outer membrane. Transport of nitrocefin through the outer membrane into the periplasmic space showed an obvious dose-response effect with respect to ultrasonic intensity. In our hands, we observed some additional activity attributed to the entry of small amounts of nitrocefin into the bacteria, as well as b-lactamase that may have been released from lysed cells or those that were damaged during centrifugation and vortexing. The extracellular b-lactamase activity in the supernatant also increased with exposure to 4.6 W/cm 2 US, further supporting the hypothesis that ultrasound creates transient passageways large enough for proteins to cross the outer membrane. The observation that moderately intense ultrasound (Ͻ4 W/cm 2 ) did not increase the hydrolysis rate to the level observed for Tris/EDTA indicated that the lower intensities of ultrasound did not lyse the cells or permanently damage the outer membrane in a manner to release large amounts of b-lactamase. Indeed, ultrasound at the intensities presented herein does not reduce cell viability (in the absence of antibiotics or other stressors), and in some situations can even increase cell growth (Pitt and Ross, 2003) .
A final issue to address is whether this membrane permeability is due to the physical events and stresses associated with collapse cavitation or stable cavitation. Recent theory and experiments associated with diagnostic ultrasound indicate that the onset of collapse cavitation occurs when the "mechanical index" exceeds about 0.25 (Apfel and Holland, 1991) . This mechanical index is defined as the peak negative acoustic pressure in MPa divided by the frequency in MHz (Barnett, 1998) . In all our experiments we have exceeded this threshold, which occurs at about 0.15 W/cm 2 at the low frequencies used herein (see Fig. 2 ).
Thus we presume that both stable and collapse cavitation were present in these experiments, and that the intensity of both increased with ultrasonic power density. Since both types of cavitation are reported to increase membrane permeability (in eukaryotic cells), both may play a part in increasing membrane permeability in P. aeruginosa and perhaps other gram-negative cells. These results with hydrophilic biomolecules complement previous work with a small hydrophobic molecule, stearic acid, whose transmembrane transport was enhanced by ultrasound (Rediske et al., 1999) . That previous work could not establish definitively whether the enhanced uptake was by diffusion through the intact lipid bilayer or by transport through holes in the lipid bilayer. Our current work strengthens the hypothesis that ultrasound creates holes or perturbations in the outer membrane lipid bilayer sufficiently large for the passage of relatively large hydrophilic compounds, including antibiotics. A more recent publication investigating the ultrasonic-enhanced permeability of E. coli and Lactobacillus rhamnosus toward fluorescent dyes also supported the hypothesis that transient holes in cell membranes are formed (Ananta et al., 2005) .
As we increase our understanding of the mechanisms of this ultrasonic-enhanced killing we will be able to more accurately predict and demonstrate clinically relevant uses of ultrasonic adjuvant therapy. The increased outer membrane permeability caused by low intensity, low frequency ultrasound is likely part of the mechanism contributing to enhanced antibiotic efficacy observed in planktonic suspension and possibly as well in biofilms in vitro and in vivo. The P. aeruginosa used herein is notorious for having an outer membrane that is very impermeable to antibiotics because of its restrictive porins, a very stable outer membrane structure, and abundant drug efflux pumps (Nikaido, 2003) . The large size of the b-lactamase proteins passing out of P. aeruginosa gives evidence that US forms rather large holes in the outer membrane. Because of the small size of nitrocefin, the ultrasonically enhanced passage of this antibiotic could have occurred through US-perturbed porins or through holes in the outer membrane. If the mechanism of increased outer membrane permeability due to high ultrasonic shear forces is related to perturbation of the lipid bilayer, it would be interesting to ascertain the involvement of disrupted LPS and/or inner membrane layers as contributing fac-tors. Future experiments with porin-deficient and LPSdeficient "deep-rough" mutants would help further define the mechanisms.
